Simple stereograms are used to show that the binocular matching of closely spaced vertical lines can be changed by horizontally connecting some of the vertical lines. The matching that is seen can be gradually changed by incremental modifications to simple visual quantities like the luminance contrast of a local region, or the density of the connecting horizontal lines. For some values of these visual quantities the depth seen is unstable which suggests that the mechanisms responsible for resolving matching ambiguities might be intrinsically dynamic. These changes in binocular matching can also be used to show a hysteresis-like effect in stereopsis. Many of the constraints like ordering, cohesivity, and uniqueness often used in algorithms for resolving ambiguities are perhaps too limiting to allow either such dynamics or the processing of transparent or partially occluded surfaces.
INTRODUCTION
Stereo algorithms normally use constraints based upon geometry or upon assuming some nature of the viewed world to resolve matching ambiguities. For example, the so called uniqueness constraint requires that each feature from each image may be matched with a feature from the other image so that at most one disparity value is assigned to each feature. Of the possible four binocular matches when two vertical lines are shown to each eye, only two, the ones that preserve the horizontal order of the lines, are usually seen. That is the left and right lines in one view match the left and right lines respectively in the other view. This so called ordering constraint is a consequence of assuming that the viewed surfaces are opaque (Arnold & Binford, 1980; Baker, 1982) . This constraint can be restated as that the disparity gradients for matched primitive elements on opaque surfaces cannot exceed the theoretical limit of 2.0 (Pollard, 1987; Pollard, Mayhew & Frisby, 1985) . The cohesivity constraint emphasizes preferring possible matches that could have arisen from smooth surfaces (Frisby & Pollard, 1991) . When dealing with non-smooth and non-opaque surfaces these constraints are probably invalid. However, attempts to show this have not been entirely convincing because of the rather indirect evidence provided by random-dot stereograms of transparent surfaces (Weinshall, 1989 (Weinshall, , 1991 see Pollard & Frisby, 1990 for a counter opinion). In random-dot stereograms it is not always obvious which image primitives should be matched and which ones are actually matching. Panum's limiting case, where a single bar is shown to one eye and two bars to the other eye, is an example where the perception appears to correspond to possible multiple matching; namely, the two bars are seen at different depths (Panum, 1858) . As stereopsis is apparently achieved under this case, it is awkward to think of one line as monocular and the others as binocular especially when the lines are indistinguishable. It might be more appropriate to think of all three lines binocularly participating to yield stereopsis. However, without the knowledge of these binocular processes, multiple matching can only be empirically defined at this stage. I consider multiple matching to occur when the depth of an uniocular feature is seen about as vividly as a regular binocular feature in ordinary stereopsis and the disparity required to match its depth is reproducibly and consistently proportional to the lateral separation between it and an existing binocular feature. An alternative to the concept of multiple matching, but apparently still consistent to some extent with the above definition, might be the so called da Vinci stereopsis, in which the depth of an uniocular feature on the ecologically valid side of a binocular edge is proportional to its lateral separation from the binocularly fused edge (Nakayama & Shimojo, 1990) . Nakayama and Shimojo point out that only two ecologically valid cases for uniocular features can arise due to occlusion: right-eye-only points are seen to the right of an occluding edge, and left-eye-only points are seen to the left of an occluding edge. This is a consequence of the physical fact that the partially occluded features, i.e. the uniocular features, must be behind the occluding edge. Conceptually there is no need for the occluded feature to have a match in the other eye and its depth may be inferred to some extent by occlusion geometry. They also expect that the 'recovery of depth is not exact as it is for conventional stereopsis because precise positional information regarding the locus of the unseen image (in the other eye) is lacking' (their p. 1813). They consider Panum's limiting case to be equivalent to da Vinci stereopsis when the horizontal extent of the .3
occluder subtends the same angular width as the unpaired 3 bar. However, there are significant differences between L. E. R. E.
da Vinci stereopsis and the multiple matching according by occlusion geometry. I investigated this and found that right image in one eye to the left and right image in the other eye; i.e. matching the image at 3' to the one at 2 and the image at 2' to the although the difference in discriminating depth of a valid one at 3.
and an invalid feature is perhaps sensitive to the shape and size of the uniocular feature, observers discriminate the depth of an invalid line as well as they discriminate 1980). In the double-nail illusion, two nails, that are the depth of a valid uniocular line. viewed binocularly while positioned at eye level and at
The unstable depth perceived when viewing the simple different distances in the median plane, are seen as two Panum's limiting case is notoriously difficult to measure, nails in a frontoparallel plane (see Fig. 1 ). Instead of and observers tend to correctly identify the sign of depth seeing the veridical depth of the physical nails, the depth (i.e. in front or behind) of a uniocular line adjacent to a resulting from the orderly matching of the nails' images binocular line according to the Panum scheme less than is seen. One of the subjects in this experiment (ASM (Gettys & Harker, 1967 Grimson, 1981) . If of two simultaneous Panum's limiting case. When two matching is done simultaneously from each image to lines are shown to one eye and one line to the other eye the other, the matching from the double image to the observers see most of the time two lines in depth given by other one is indeed unique. Weinshall also points out that the Panum's scheme [ Fig. 2(a, b) ]. When two lines are transparency is usually not perceived in line-stereograms shown to each eye, let us say 3' and 2' to the left eye, and of Panum's limiting case, but diplopia is often experi-2 and 3 to the right eye, the observers normally only see enced.
the orderly match of 2 to 3' and 3 to 2'; the other two Perhaps another instance of multiple matching might possible matches, 2 to 2' and 3 to 3', are not perceived. be the results reported by one of the subjects in the However, for relative large disparities it is easy to change double-nail illusion experiment (Krol & van de Grind, eye vergence to match either 2 to 2' or 3 to 3', leaving the If the separation between the lines is large, most observers can control eye vergence to binocularly match 2' to 2, which leaves line 3' as uniocular in the left eye and line 3 as uniocular in the right eye. Under this condition, three lines may be seen by some. According to the Panum scheme these uniocular or unfused lines may be seen at the positions 2, 3' and 3, 2'. (d) Same as (c) except the binocular line is now the match of 3' to 3, and the uniocular line is 2' in the left eye and 2 in the right eye.
remaining two lines, one in each eye, unfused. When the eye vergence is closer to the feature given by the match 2 to 2', the remaining two lines 3 and 3' remain unfused and according to the Panum scheme their position might be given by matching 2 to 3' and 3 to 2' [ Fig. 2(c) ]. The case when the eye vergence is closer to the feature given by the match 3 to 3' is sketched in Fig. 2 
(d). Krol and van de
Grind who did this specifically in one of their experiments for large relative disparities of 1 deg or greater between the features given by the match of 2 to 2' and of 3 to 3', measured only the depth of the fused line and not of the unfused lines (Krol & van de Grind, 1986 , p. 1295 . Unless one considers the corresponding points literally hardwired to retinal co-ordinates, it is unlikely that the binocular matching of nearby features with small relative disparities can be entirely determined or controlled by eye position. It is well known that even for visually nearby features diplopia results when the disparity gradient exceeds some nominal value. The depth of such diplopic features, measured generally and reproducibly and shown to correspond with possible matches as shown in Fig. 2 , may be considered to support multiple matching of features. Showing possible multiple matching using the double nail illusion configuration might be as difficult as using the Panum's limiting case, since the depth of the third image could not be measured by the experimenters for any of their other subjects in the experiment because of the double image's 'fleeting' character (Krol & van de Grind, 1980, p. 664) . Also the description of what ASM saw is possibly inconsistent with the results of this paper 678 T. KUMAR and therefore perhaps unrelated to multiple matching. I consider the possible inconsistency in ASM's description in the Discussion.
METHODS
Stimuli were presented stereoscopically on a pair of Hewlett-Packard vector oscilloscopes (HP 1345) using orthogonal polarizing sheets allowing only one oscilloscope screen to be visible to each eye. A beam splitting pellicle was used to superimpose the images of the two screens. All of the observers were undergraduate students with normal vision when using conventional corrective glasses or contact lenses if necessary; they were free to wear one or the other as they preferred throughout the experiments.
The viewing distance was 2.0 m for all of the experiments reported here. The observers were selected on the basis of their performance on a stereoacuity task using a stimulus consisting of three parallel vertical lines 15 min arc long and 15 min arc apart in the frontoparallel plane. They reported whether the middle line appeared closer or farther than the outer two lines and were selected if their initial reports were 75% correct when the relative disparity of the middle line with respect to the two flanking lines was c 1 min arc. None of the observers had participated in any psychophysical experiment on stereoscopic vision. Six of the observers were participating in ongoing psychophysical experiments on visual motion where the stimuli were shown on a single oscilloscope screen. The demonstrations 1, 2 and 5 shown as printed stereograms in this paper were shown to nine observers whose ages ranged from 19 to 74 yr and who could fuse the two images by controlling eye vergence. The stereograms in demonstrations 3 and 4 were shown only to four of the same nine observers.
EXPERIMENTS, DEMONSTRATIONS AND RESULTS
I investigated the possibility of multiple matching using a simple contour stereogram (Fig. 3) . The separation between the two vertical lines marked as 1 and 2 in the right view, and 1' and 2' in the left view is the same in both the views shown in Fig. 3(a) . All the descriptions given are for viewing the stereograms shown in this paper by crossing the eyes. When Fig. 3(a) is viewed stereoscopitally two lines at equal depth are seen inside the surrounding rectangular frame in the plane of the paper. The views shown in Fig. 3 the two stereograms is sketched in Fig. 3(c) with the left sketch representing the views shown in Fig. 3 (a) and the right sketch representing the views shown in Fig. 3(b) . Even for this simple stimuli some explanation is needed for why lines 2 and 2' do not appear to match in the presence of lines 3 and 3'. In this paper I give demonstrations showing that simple modifications to the stereogram [ Fig. 3(b) ] can result in lines 1 and 2 being seen as matching lines 1' and 2' respectively even in the presence of the additional third vertical line in each eye. Lines 3 and 3' do not fuse and observers see four vertical lines binocularly, and the measured depth of the lines 3 and 3' is consistent with the Panum scheme suggesting that line 3 is matching line 2' and line 3' is matching line 2 [ Fig. 2(c) ]. The rest of the stereograms shown in this paper are modifications of Fig. 3(b) , and always contain at least the three vertical lines shown, although without the labels 1,2,3, l', 2' and 3'. However for convenience I will refer to the vertical lines in the various stereograms by their respective labels shown in Fig. 3 (b) as needed.
Experiment 1
If the observers are seeing the stereoscopic configuration represented in Fig. 3(a) , and lines 3 and 3' as sketched in Fig. 3 (b) are suddenly and briefly shown (flashed), will the matching from 2 to 2' noticeably change to 2 to 3' and 2' to 3 even when the relative disparity between the various possible matches is smaller than the Panum's fusional range? For a briefly presented (flashed) line stimuli Panum's fusional range is reported to be about 30 min arc (Kroll & van de Grind, 1986) . In this experiment the magnitude of the relative disparity of the possible matches, 3 to 3', 2 to 3' and 3 to 2' with respect to the match 2 to 2' was 13, 5.5 and 7.5 min arc respectively. The horizontal separation between the flashed lines and the continuously shown line 2, 2' was 5.5 min arc in one eye, selected randomly, and 7.5 min arc in the other eye such that the separation between the flashed lines in the two eyes views was always 13 min arc when lines 2 and 2' are considered superimposed in the two views.
Vertical lines 1, l', 2 and 2' were continuously shown centered within a rectangular frame 75 min arc wide and 45 min arc high [see Fig. 3(a) ] through an entire experimental session. The lines were 15 min arc long, 1 min arc wide and the horizontal separation between the lines was 30'. There was a small 1 min arc fixation dot shown 2 min arc to the left of the center of the vertical line 2, 2'. Each trial was about 3 set in duration and consisted of first 'switching off' the fixation dot for 250 msec, and then lines 3 and 3' were shown for 150 msec, and then after 250 msec of which the fixation dot was 'switched on' at normal brightness. The observers were to report whether they saw two, three or four vertical lines within the rectangular frame and they indicated their response by flipping one of three switches and pressing a button. Fifty responses were obtained from each of the 10 observers tested. No observer ever reported seeing anything other than three lines when the lines 3 and 3' were flashed. Before the onset of the lines 3 and 3' all observers saw two vertical lines in the plane containing the rectangular frame. No observer ever reported seeing unmatched lines 3 and 3' flanking the matched line 2, 2'. The transition from two lines in the frontoparallel plane to three lines at different relative depths with respect to each other was perceptually instantaneous. The experiment was repeated with the fixation dot being given a relative disparity of either 5 or 8 min arc crossed or uncrossed disparity with respect to the rectangular frame and the two vertical lines seen in the plane of that rectangle, with the additional constraint that the maximum relative disparity with respect to the fixation dot was always < 13 min arc. The results were identical to those stated above. The experiment was also repeated when the duration of flashing the lines 3 and 3' was randomly selected to be 10, 50, 100, or 150 msec, and the fixation dot's disparity was also being randomly selected as before. Again no observer ever reported seeing anything but three lines when the lines 3 and 3' were flashed. These results clearly show that the dynamics of changing the pre-existing match of lines 2 to 2', to the match 2, 3' and 3, 2' are either very fast or inaccessible to the observer. The important conclusion from this experiment, for now, is that changes that allow matches 2 to 2', 2 to 3' and 3 to 2' to be simultaneously seen in flashed stimuli must be relying on more than a fine tuning of eye position.
Demonstration 1
This demonstration shows that connecting the vertical lines with horizontal lines shifts the perceived binocular correspondence (Fig. 4) . The dimensions of the various elements in the image in Fig. 4 (a) are identical to the image shown in Fig. 3(b) . The panels can be viewed stereoscopically by using the middle image as one view and either the left or the right image as the other view. The descriptions for the various stereograms given in this paper corresponds to stereoscopically fusing the left and the middle images in a panel by crossing the eyes. From a viewing distance of 100 cm, the vertical lines are 0.67 deg long, and the possible matches 2 to 2', 2 to 3', 3 to 2' and 3 to 3' have a relative disparity of 0, -6.25, -7.75, and -14 min arc respectively. I adopt the convention here that uncrossed disparities are negative and crossed disparities are positive. Since only the ends of a horizontal line can be used for matching and hence for determining disparity, all the seven panels of Fig. 4 , (a)-(h) should have identical information for determining disparity. However, for all the observers I tested, the matching seen is quite different between (a) and (h). All observers see the three vertical lines at different depths Fig. 4(h) . Connecting the lines 2' to 3' allow the observers to see the line at the position 2, 2' that they could not see in Fig. 4(b) . The effectively uniocular lines 3 and 3' are seen at the positions 2,3' and 3,2'. Since horizontal lines can be matched by their endpoints only, the possible matches or disparity values in Fig. 4 (b, h) are identical. The mechanism that allows the match 2 to 2' to be seen in Fig. 4 (h) and not in Fig. 4 (b) must be using information outside the disparity domain. Number of connecting Horizontal Lines The results of the above demonstration were quantified in this experiment. The dimensions of the stimuli were identical to that used in Expt 1, and as in that experiment the rectangle and the two vertical lines 1,1' and 2,2' were shown continuously through an entire experimental session. Zero through six horizontal lines that connect the vertical lines as sketched in Fig. 4 (h) were randomly selected and shown simultaneously with lines 3 and 3' for 150 msec. The fixation dot was shown 2' to the left of the center of the vertical line 2, 2' as in Expt 1. The fixation dot was not shown for 200 msec before and after the i50 msec interval the horizontal lines and lines 3 and 3' were flashed. Not counting the left most line 1, l', the observers were to report whether they saw one, two or three vertical lines inside the rectangle on the right hand side of the figure. Two-hundred responses were obtained from each of the 11 observers. No observer ever reported seeing only one line. The results are shown in Fig. 6 .
The experiment was also repeated with the lines 1, 1' and 2, 2' not shown continuously, but instead one of the configurations represented in Fig. 4 (b-h) was randomly selected and shown for 150 msec. The dimensions of the stimuli were the same as in the above experiment. The entire configuration of the vertical and horizontal lines were shown with a relative disparity that was randomly selected to be either crossed or uncrossed and with a magnitude of either 5 or 8 min arc with respect to the fixation dot and the enclosing rectangle. The fixation dot was shown 2' to left of where the center of the vertical line 2, 2' would be shown, and as before the fixation dot was not shown for 200 msec before and after and during the interval the vertical and horizontal lines were shown. An additional constraint on the stimuli was that the maximum relative disparity shown with respect to the fixation dot was always c 13 min arc. Five-hundred responses were obtained from each of the 11 observers. The 150 msec interval during which the line stereograms was shown was too brief to allow reliable changes in eye vergence, and the stereograms had a significant random relative disparity with respect to the fixation stimuli which hopefully prevented a systematic change in eye position. This strategy should allow measuring any effect on matching due to changes in fixation disparity within the classical Panum's fusional area. The results were essentially identical to those shown in Fig. 6 suggesting that the limited but significant vergence of the eyes had no effect on the perceived relative depth profile.
The last part of this experiment measured the effective disparity of the three vertical lines that were perceived on the right-hand side of the configuration sketched in Fig.  4 (h) that I considered were due to the matching of lines 2 to 3', lines 2 to 2' and lines 3 to 2'. The stimulus was shown such that with respect to the fixation plane containing the fixation dot and the enclosing rectangle, line 2,2' had a crossed disparity of 3.5 min arc, line 2,3' had an uncrossed disparity of 1.5 min arc and line 3, 2' had an uncrossed disparity of 3.5 min arc. The enclosing rectangle was shown continuously, while the fixation dot was shown all the time except for the 250 msec interval before and after, and during the 150 msec interval that the configuration with six horizontal lines [ Fig. 4(h) ] was shown. A 1 min arc long test line was also shown 5 min arc vertically below one of the three vertical lines, selected randomly, on the right-hand side of the configuration. The disparity of the test line was selected from a different preselected set of six evenly spaced disparities for each of the three lines. The observers were to report whether the test line was farther or closer than the vertical line above it. Four-hundred and fifty responses were collected from each of the three observers, and the data, plotted separately for each of the three lines as percent responses reported closer were fitted to an integral of a Gaussian using probit analysis. The disparities corresponding to the 50% reported closer point on the fitted curves are taken to be the effective disparity of the vertical lines. The results for four observers are given in Table 1 . The results clearly show that the depth profile attained is stable and observers performance can be measured quite reliably. The thresholds (half the difference between the disparity values corresponding to 25% of the responses being 'closer' and to 75% of the responses being 'closer') obtained are very similar to the ones obtained when performance is measured for binocular and fused vertical lines a few The configuration sketched in Fig. 5(b) was shown such that the lines at the positions 2,2', 2,3' and 3,2' were shown for 150 msec with respect to the fixation point and the enclosing rectangle with a relative disparity of -3.5, +1.5 and +3.5 min arc respectively. A small test line, 1 min arc long, was also shown 5 min arc vertically below one of these three vertical lines, selected randomly. The disparity of the test line was randomly selected from a different preselected set of six evenly spaced disparities for each of the three vertical lines. The observers were to report whether the test line was farther or closer than the vertical line above it. minutes off the fixation plane and observers have not had lines have been drawn as broad bars in this figure so the extensive practice (Kumar & Glaser, 1992) . vertical edges can be clearly seen and therefore the perceived shift in binocular correspondence may not be Demonstration 2 attributed to not being able to see all of the vertical The next demons~ation (Fig. 7) shows that figural features. The shade of gray gets darker from Fig. 7(a) continuity can also be achieved by shading the region towards in (a), (b) and (c). They find the depth in (d) or (e) to be the most unstable with the percept rapidly switching between two depth profiles. The first profile is identical to that seen in (a), (b) and (c). The second profile, consistent with multiple matching for bars 2 and 2', is seen as a dark rectangle bounded by two thick vertical black bars in a fronto-parallel plane with a bar behind and just to the left of the right edge of the dark rectangle, and a vertical bar behind and just to the right of the right edge of the dark rectangle [see Fig. 5(b) for the corresponding Keplerian diagram]. The second profile becomes more dominant as the shade of gray becomes darker. All observers, I tested only saw the second profile in (g) and (h).
If, as in demonstration 1, the two vertical lines on the left are already connected in both the views, then bridging the very small gap between the two vertical lines on the right in the middle image is sufficient to shift the binocular correspondence. This is shown in Fig. 8 , where the shade of gray between the two right vertical bars in the middle image gets darker from Fig. S(b) towards Fig. g(g) . All the observers saw the first profile of three vertical bars at different depths in (a), (b), (c) and (d). In (e) and (f) th e y saw the first and the second depth profile switching back and forth, and saw only the second profile when viewing (g).
The unfused lines 3 and 3' acquire an effective disparity by matching to lines 2' and 2 respectively in the above stereograms when the vertical lines are connected which seems to facilitate the line 2 to 2' matching. If another vertical line were to be 'available' . Connecting the lines 1, 1' to 2, 2' respectively allows a binocular feature to be seen at the intersection of lines of sight through lines 2 and 2'. The lines 3 and 3' are effectively uniocular that are matched to the closest available binocular line in the other eye. The position of all the lines except lines 4 and 4' is the same in all the panels of the figure. The distance between the lines 4 and 4' and lines 3 and 3' decreases from (a) to (h). The vertical line seen just to the right and outside of the shaded rectangle is seen behind the plane of the paper in (a), but above the plane of the paper in (g) or (h).
for matching to one or both of these lines then the depth disparity of the match 4, 4' and the position of the other seen would be determined by the 'availability' of this vertical lines is the same with respect to the enclosing additional line. This is demonstrated in Fig. 9 where the rectangle in all of the panels of Fig. 9 . The observers were additional lines 4 and 4' have been drawn such that the asked to fixate in the plane of the enclosing rectangle and distance between these lines and the vertical lines 3 and about in the middle of the right vertical edge of the 3' decreases from Fig. 9(a) to Fig. 9(h Fig. 9(g, h) .
observers saw a shaded rectangle in the plane of the paper, and just to the left of its right vertical edge they saw a vertical line behind the plane of the paper. Outside of the rectangle and to its right they saw two vertical lines, the farther line in the plane of the paper. The observers were asked to report the depth of the other vertical line, the one that is seen just to the right of the right vertical edge of the shaded rectangle. All observers saw that line behind the plane of the paper in (a), (b) and (c) and above the plane of the paper in (f) and (g). The depth of that vertical line was unstable in (d) and (e). In (h) the vertical lines are connected by horizontal lines instead of a uniform patch of gray, and observers see the same depth profile as they see in (g). Keplerian diagrams (Fig. 10 ) are used to illustrate the possible matching schemes seen by the observers in the bottom panel. Figure 10 (a) corresponds to the stimuli shown in Fig.  9(a) , and Fig. 10(b) shows the depth profiles observer see when Fig. 9 (g) or (h) is viewed stereoscopically. The unfused vertical line 3 matches the vertical line in the other eye that is the most adjacent to it visually, which is line 2' in (a) and line 4' in the (h). In 9(d) and (e) line 3 is visually about equidistant to lines 2' and 4' and it seems difficult to localize the line in depth and the final matching appears to switch between the extremes that are given by 3 to 2' and 3 to 4'.
The strength of the matching of a uniocular line to a visually adjacent binocular feature depends upon the separation between it and the binocular feature, and has been shown to roughly fall off exponentially with a length constant of about 15 min arc in the fovea (Westheimer, 1986) . This suggests that in the presence of more than one binocular feature the uniocular feature might predominantly match to the nearest binocular feature. If the uniocular feature happens to be roughly half way between two binocular features then there might be a tendency for it to match both features equally, resulting in its depth to be seen as unstable. This can perhaps be demonstrated more clearly without horizontally connecting features to facilitate a particular match. Two vertical horizontally aligned lines are shown to each eye and a vertical line of smaller length is shown between the two bars only to one eye (Fig. 11) . The separation between the two binocular vertical lines is the same in all the panels of Fig. 11 ; about 10 min arc from a viewing distance of 1 m. The uniocular line's position gradually shifts from being close to the left line in (a) to being close to the right line in (h). When the left and the middle images of each panel are viewed stereoscopically by cross fusing, the observers see the two binocular vertical lines in the plane of the paper in all the panels, and see the uniocular line behind the plane of the paper in (a) and (b) and above the plane of the paper in (g) and (h). The observers are clearly seeing the Panum's limiting case in both the situations except they are matching the shorter vertical line to the visually closer left line in (a) and (b) and to the visually closer right line in (g) and (h). Most observers find the depth of the smaller vertical line in (c), (d), (e) and (I) to be unstable where they sometimes see it behind and at other times in front of the plane of the paper. The observers mostly see the smaller vertical line in (c) behind the plane of the paper with an occasional switch to seeing it in front of the plane of the paper. The depth of the uniocular line in (d) and (e) is more unstable than its depth in (c) and (f).
The same configuration can be implemented as a random-dot stereogram where for every three dots in one eye two dots are shown in the other eye (Fig. 12) . The separation between the outer two dots of the triad is equal to the separation between the corresponding two dots in the other eye. The uniocular middle dot is positioned closer to the left outer dot in the top third, closer to the right outer dot in the bottom third and about equidistant from the flanking dots in the middle third of the stereogram. When the stereogram is viewed stereoscopitally by crossing the eyes, the middle dots are seen behind the plane of the paper in the top third and above the plane of paper in the bottom third of the stereogram. In the middle third of the stereogram, the middle dots are seen either above or behind the plane of the paper, and the depth of these dots appears to switch from one depth to the other as the stereogram is viewed. Incidentally, this implementation of the multiple Panum's scheme as a random-dot stereogram does adequately address Grimson's comment (see Introduction) , and the matching of the uniocular middle dot is non-unique even when the matching is done simultaneously from each image to the other. FIGURE 12. The demonstration shown in Fig. 11 implemented as a random-dot stereogram. For every three dots in one view there are corresponding two dots in the other view; the separation between the outer dots in the three-dot view is the separation between the corresponding two dots in the other view. The uniocular dot is closer to the left dot in the top third, closer to the right dot in the bottom third and about equidistant to the outer dots in the middle third of the stereogram. Observers see the middle dots behind the plane of the paper in the top third, and above the plane of the paper in the bottom third. The depth of the uniocular dots in the middle third switches between being behind or above the plane of the paper. In the stereogram shown in (a), the uniocular features, the four short dashes vertically aligned with the arrow in the middle image, are not horizontally aligned near any binocular feature that they could match. Observers see a subjective occluding contour running down the middle of the stereogram just to the right of the uniocular features which appear more or less farther away than any other feature in the stereogram.
In (b) and (c) the uniocular features have been shifted up so they are now horizontally aligned with similarly spaced four binocular dashes on their left. The lateral separation between the uniocular dashes and the binocular dashes is greater in (c). Contrary to what may be expected from occlusion geometry, observers can see the uniocular dashes above any other binocular feature in the stereograms with the uniocular dashes in (c) seen even above those in (b). Observers still see a subjective contour just to the right of the uniocular dashes in (b). Many observers see the subjective contours more clearly when they view the stereograms from a distance of 2 m or more.
shown in Fig. 13 is identical to that shown in Fig. 11 except the two binocular vertical lines have been replaced by two gray rectangles, and in the center of these rectangles there is a short white horizontal line and an appropriately positioned small nonius line. All the observers still see the uniocular line in front in Fig.  13(g, h) as they did in Fig. 11 suggesting that the uniocular line was perhaps matching to the closer invalid edge, and its depth was not being determined by occlusion geometry. The observers still find the depth of the uniocular line most unstable in Fig. 13(d, e) and somewhat unstable in Fig. 13(c, f) . Incidentally, this also demonstrates the limitation of the Keplerian diagram [see Fig. 2(a) ] explanation of Panum's limiting case. According to such an explanation contrary to what is shown actually, the shorter and darker line that appears in front should be in both the images, and the gray edge that is supposedly being occluded should be seen in only one of the images.
Another consequence of occlusion mechanisms might be seeing a subjective occluding contour in the presence of unpaired points in a stereogram (Nakayama & Shimojo, 1990 ). An example of this is shown in Fig.  14(a) which when viewed stereoscopically show that the dashes on the right side of the configuration are at a different depth from those on the left. All the observers see a vertical subjective contour or illusory edge running down the middle of the stereogram and this edge, consistent with the constraints of occlusion, is on the valid side of the uniocular features. However, the uniocular features do not have horizontally nearby features to match to in Fig. 14(a) . To see the effect of 2,3.1,4.8,7.3,9.7, 12 and 16 min arc. When the left and center images are viewed stereoscopically by crossing the eyes, the uniocular feature on the left is ecologically invalid and that on the right valid. The observers can see the invalid feature above the adjacent binocular edge in (aHc), and in (d)-(g) they generally see the valid feature farther behind than the invalid feature, which they predominantly see behind the adjacent binocular edge. nearby binocular features, the uniocular dashes have been vertically shifted up so to horizontally align with binocular dashes in Fig. 14(b, c) . Matching binocular dashes are nearer on the left side of the uniocular dashes than on the right. When the left and center images in Fig.  14(b, c) are viewed by crossing the eyes, all observers see the uniocular features, the four white dashes in the middle of the figure, floating above the plane of the paper and also above any other binocular feature in the figures. The uniocular features in (c) are seen closer than those in (b), in clear violation of occlusion geometry. Never the less most of the observers still see a subjective contour running down the middle of the stereogram in (b). Most observers find the subjective contour easier to see when viewing the stereograms from a distance of 2 m or more. Interestingly, all observers see a qualitative difference between the uniocular features in (a) and the same feature in (b) and (c). Only the uniocular features in (a) appear to have the well known 'sheen' associated with monocular features, and their depth appears to be indeterminate when compared to the same features in (b) and (c). All the observers tested did not see the uniocular features in (a) at the depth of the binocular features which are seen behind. If anything, the depth of the uniocular dashes in (a) is seen as being farther back than any binocular feature in the stereogram.
In view of the published results showing that observers are extremely poor at matching the disparity of an ecologically invalid feature and that the depth of an ecologically valid feature is proportional to its lateral position from a binocularly fused edge (Nakayama & Shimojo, 1990) it was puzzling that all the observers saw the depth of the 'invalid' uniocular lines in nearly all the demonstrations above as well as they did. Since the right images are identical to the left images in all the stereograms shown, one can compare when the uniocular
. From a distance of 1 m the length of the uniocular features from (a) to(h) is 3. 6,7.3,10.9,14..5,21.8,36.4,54.6 and 80 min arc respectively. All observers could see the invalid feature in (g) and (h) as floating above the adjacent binocular edge, but could not really localize the depth of either the valid or the invalid feature in (a) and (b).
line is valid or invalid by stereoscopically combining the right images instead of the left images to the images in the center. I found that the relative size of a uniocular feature with respect to the adjacent binocularly fused edge significantly affects the depth of the uniocular feature. Nakayama and Shimojo used a uniocular feature that was 7.6 min arc wide and 331 min arc long which was significantly shorter than the 417 min arc long adjacent binocular edge. The effect of changing the width and length of the uniocular feature may be seen in the stereograms shown in Figs 15 and 16 . From a distance of 1 m, the width of the uniocular features from (a) to (g) is 1.2, 3.1, 4.8, 7.3, 9.7, 12 and 16 min arc in Fig. 15 . All observers found that the depth of the uniocular feature whether it is adjacent to an invalid or a valid edge gets harder to see as the width of the uniocular feature increases, and found that for the four largest widths they generally saw the valid feature farther behind than the invalid feature, which they predominantly saw behind the binocular edge. However, for Fig. lS(a-c) all the observers saw the invalid feature closer than the binocularly fused edge. In Fig. 16 , from a distance of 1 m, the uniocular features are 3.1 min arc wide and their length in the different panels from (a) to (g) is 3. 6, 7.3, 10.9, 14.5, 21.8, 36.4, 54.6 and 80 min arc respectively. All observers could not ascribe a definite depth to the uniocular features in Fig. 16(a) and generally saw both the valid and the invalid feature behind the binocularly fused edges in Fig. 16(a-d) . In Fig. 16(e-h) Distance from the binocular edge (arc min) FIGURE 17. When the uniocular feature was a bar (a 9 min arc wide by 40 min arc long rectangular frame) observers were unable to see it in front of an adjacent ecologically invalid edge. Although the observers were better at seeing the ecologically valid uniocular bar behind the adjacent edge, its depth was not proportional to its lateral separation from the binocular edge. The depth of an invalid or a valid 1 min arc wide uniocular line was proportional to its lateral separation from the adjacent binocular edge, which suggests that its depth was not determined by the geometry of occlusion.
edge and the depth becomes 'clearer' as the length of the uniocular feature increases.
Experiment 3
In this experiment a binocular rectangular frame, 30 min arc wide and 60 min arc long, was shown continuously through an entire experimental session. The uniocular feature randomly selected to be either a rectangular frame, 9 min arc wide and 40 min arc long, or a line 1 min arc wide and 55 min arc long was shown on the left or the right side of (and outside) the binocular rectangular frame. A 5 min arc horizontal line used as a fixation mark was positioned 5.5 arc min below the vertical side of the binocular frame adjacent to which the uniocular feature was to be shown during the next trial. A binocular test line 1 min arc wide and 5 min arc long, the center of which was shown 5.5 min arc below the lower horizontal edge of the binocular frame at the same time as the uniocular feature. The horizontal position of the test line was randomly selected but was always c 8 min arc horizontally away from the uniocular feature. Each trial was about 3 set in duration and consisted of first switching off the fixation line for 250 msec, and then the uniocular feature and the test line were shown for 250 msec, and then after 250 msec of which the fixation line was again displayed. The observers were to report whether they saw the test line closer to or farther than the uniocular feature. The mean disparity of the test line that matched the depth of the uniocular feature was determined using the staircase method. Four interleaved staircases, two for the wide uniocular rectangular frame and two for the 1 min arc wide line, were run simultaneously.
Five estimates of the matching disparity were obtained on five different days. The results for two observers are shown in Fig. 17 . The results show that the observers were unable to see the uniocular rectangular frame in front of the binocular edge as found by Nakayama and Shimojo. However for the 1 min arc wide line, the observers were as good in seeing it closer as seeing it farther than the binocular edge, and the disparity required to match the depth of the uniocular feature was equivalent to the angular separation between the uniocular feature and the closest binocular edge. Although the observers were better at seeing the depth of the uniocular rectangle when it was adjacent to an ecologically valid edge, the results show that its apparent depth was not proportional to its lateral position from the binocular edge. This does support the conjecture that the depth of an uniocular feature near an invalid edge gets harder to see than when it is adjacent to a valid edge as its shape is made increasingly different from that of the adjacent binocular feature.
Demonstration 4
In probing the properties of the inter-ocularly unpaired zones, Shimojo and Nakayama (1994) report that an unpaired dot added in these zones 'escapes non-unique local Panum matching which would otherwise bestow it with a depth outside the surface'. Obviously under these circumstances the multiple matching under Panum's scheme is considered quite different than it being a special case of da Vinci's stereopsis. Figure 18 (c) provides an example of a stereogram in which the depth of some of the unpaired dots in the inter-ocularly unpaired zone obviously is being determined by the non-unique matching according to the Panum's scheme and not by the more global surface occlusion constraints. by crossing the eyes, the uniocular lines have been drawn in the valid inter-ocularly unpaired zones. The central rectangular region is seen floating above the plane of the paper and the uniocular dashed lines are seen floating between it and the plane of the paper, suggesting that the uniocular dashes did not escape the local non-unique matching according to Panum's scheme. The long, gray stripe in (b) may be considered to be due to an opaque feature of finite dimensions that has a large relative disparity with respect to the other features in the image, and it occludes some of the random-dots legitimately.
The uniocular dots corresponding to the gray stripe in the other eye show normal binocular rivalry and appear to be at or very near the depth of the random-dot surface they would normally belong to in the absence of the gray stripe regardless of whether the stripe is due to legitimate occlusion (b) or not (c).
tally by crossing the eyes, the central rectangular region 18(c) only the random dots and the vertical dashes are is seen floating above the plane of the paper. The vertical shown. All the observers see the 'unpaired' dashes edges of this region have a dashed boundary, and floating above the plane of the paper but below the central matching vertical dashes are added in the inter-ocularly paired region. On close examination I can even see some unpaired zones. In Fig. 18(b) random-dots are superof the other unpaired dots in these regions being matched imposed upon the line stereogram of Fig. 18(a) so the non-uniquely, and floating above the plane of the paper occluded zones can be easily examined to see that there (try localizing the depth of the smaller uniocular dots are other unpaired dots beside the vertical dashes. In Fig. between the larger and darker dots). There is also a long vertical gray stripe which may be considered to be&reto a rectangular feature that has a large relative disparity with respect to the other features in the image. When the surface of the central region is being fixated, this feature appears diplopic causing corresponding regions of the random-dot surfaces to be uniocular. In Fig. 18 (c) the occluding gray stripe is not shown in the middle image, so the presence of the gray stripe cannot be due to any easily achievable physical situation. When the images are viewed stereoscopically, the uniocular dots corresponding to the gray stripe in the other eye show normal binocular rivalry and appear to be at or very near the depth of the random dot surface they would normally belong to in the absence of the gray stripe that may be due to occlusion [ Fig. 18(b) ] or due to an artificial and physically impossible condition [ Fig. 18(c) ]. This fillingin of depth information is perhaps an example of the 'equidistance tendency' postulated by Gogel (1965) who demonstrated that a stimulus without clear uniocular or stereoscopic referent will be localized in depth in the frontoparallel plane of the nearest (least angular separation) localized stimulus.
Demonstration 5
Using horizontal lines and shading to achieve figural continuity in the horizontal direction can be exploited to demonstrate that apparently the same vertical line matches differently over different portions of its length and that this different matching can give rise to a stable perception of transparency. Figure 19 (a) utilizes connecting portions of the vertical lines with a shade of gray while in Fig. 19(b) it is achieved by multiple horizontal lines. The observers were asked to fixate, when viewing the panels stereoscopically, in the plane of the enclosing rectangle and near either the left or the right edge of the connected figure. They were asked to count the number of vertical lines near the edge they were viewing and if this number was changing between two and three, they were to try to stabilize their percept to the one with three. All the observers tested were able to do so. Then in Fig.  19(a) all the observers saw a gray rectangle floating behind the plane of the enclosing rectangle, and each of its vertical edges was between and behind the two vertical lines that were in the plane of the paper. In Fig. 19(b) all the observers saw a rectangle floating above the plane of the paper and the horizontal lines were in the plane of this floating rectangle. Each of the vertical edges of this floating rectangle were seen between and above the two vertical lines lying in the plane of the paper. The observers saw three vertical edges on the left and right side of the horizontally connected figures which suggests the presence of multiple matching. However, for the portion of the figure where the vertical lines are not horizontally connected by either shading or horizontal lines, the observers only saw two lines on the left and the right side of the figure which suggests an orderly match. Figure 19 (c) is obtained by superimposing (a) and (b) and observers saw the various elements at the depth they saw in (a) and (b). Figure 19(d, e) are shown so that the various depth percepts can be examined in slightly different context. In the portion of the figure where the horizontal lines overlap the shaded region, nearly all observers are unable to clearly describe the depth they see near the vertical edges of the connected figure. There they find the percept rivalrous and the depth unstable. However, after a few minutes of seeing the figure most of the observers could see more or less a depth profile similar to what I see. I see the depth of the shaded rectangle and the horizontal lines simultaneously when I do not look directly at the vertical edges in the region where they overlap each other. In this overlap region, I see three edges on either side but can only see the middle edge as either above or behind the plane of the enclosing rectangle. When I look at the vertical edges in the middle non-overlapping region in Fig. 19(d) and attend to the vertical edges in the connected regions above and below, I can clearly see the third middle edge at different depths simultaneously. The third middle edge belonging to the shaded rectangle is floating behind and the one belonging to the rectangle with horizontal lines is floating above the plane of the paper.
The shift in binocular correspondence can be used to show that stereopsis exhibits hysteresis like effect. In Fig.  20 the vertical black bars are about 40 deg long from a viewing distance of 30 cm, and the top 7 deg of the space between the bars is shaded dark gray as in Fig. 8(g ) and the bottom 4.4 deg is shaded as in Fig. 8(b) . Observers are asked to view the stereogram starting from the top first and once they can see the depth of the dark rectangle clearly, to scan down the length of the stereogram and report when the relative depth profile of the dark bars change. All observers see four dark vertical bars with the depth profile as described for Fig. 8(g ) near the top of the stereogram. Observers report that on scanning they get quite close to the bottom of the vertical bars before the depth profile changes to three black bars at different depths. When they are asked to start viewing the stereogram from the bottom and to scan up, they start with seeing three bars at different depths and have to get to the shaded area before the depth profile changes to that described for Fig. 8(g) . Because of the large relative disparities involved, some may consider that this demonstration says more about the dynamics of eye positioning than it does about binocular matching. However, the demonstration can be repeated when the vertical bars are replaced by thin dark lines and the largest relative disparity is < 3 min arc with identical results.
DISCUSSION
When two vertical lines are shown to each eye in a corresponding visual region, observers will normally match the lines under the constraint of orderly matching. Demonstrations shown in this paper use the fact that connecting these lines horizontally to some remote feature can be used to facilitate a different matching. This normally results in a line that was fused under orderly matching to remain unfused and its depth is 696 T.KUMAR consistent with its matching a visually adjacent feature in the other eye. When vertical lines 2 and 3 are shown to one eye and lines 3' and 2' shown to the other (Fig. l) , observers normally orderly match line 3' to 2 and line 3 to 2'. Most observers can use eye vergence to control the matching when the separation between the lines in each eye is large, but find it extremely difficult when the separation is small. It is unlikely that only eye position determines binocular matching when the features are visually nearby and their relative disparities are small. In this paper, I have used connecting lines 2 and 2' horizontally to a remote vertical line to facilitate seeing a match other than that given by matching by horizontal order even when the largest relative disparity for any possible match is well within the Panum's fusional range for single vision. Under this arrangement, although lines 3 and 3' do not fuse, they are seen at some definite depth. That this depth can be reliably measured and is shown to be consistent with line 3 matching line 2' and line 3' matching line 2 (see Table l ), is used as the empirical definition of 'multiple matching' in this paper. For any stereo-algorithm one will have to use lines 2 and 2' twice for determining the disparity of effective matches seen and this clearly violates the uniqueness constraint used in many stereo-algorithms.
Stereo algorithms that try to exploit the more global constraint of figural continuity along strings of edge points might have difficulty in resolving the matches in these simple stereograms (Frisby & Pollard, 1991) . The ordering constraint, also used by such algorithms, suppresses the match of line 2 to 2' along nearly all edge points provided by the vertical lines; the figural continuity constraint might match the few edge points given by the end points of the horizontal lines, but these matches are likely to be treated as discrepant and 'killed off' since the matches given by these endpoints are so few compared to those given by the ordering constraint. Similarly, the figural continuity constraint in the vertical direction is likely to have trouble with the demonstration showing that a vertical line can match differently over different portions of its length (Fig. 19) .
In terms of the double nail illusion, nails given by the matches 2, 2' and 3, 3' are shown but normally most observers will instead see the matches 2,3' and 3,2' (Fig.  1) . If the observer fixates near the proximal nail or rod 2, 2' then the distal rod 3,3' should appear double and at the apparent positions 2, 3' and 3, 2' given by the Panum scheme. Similarly, if the observer fixates near the distal rod 3, 3', then the proximal rod, 2, 2', should appear double and at the apparent positions 2, 3' and 3, 2', given by the Panum scheme. The experimenters report that two of their subjects (JM and JK) in the double nail experiments 'sometimes reported a doubling of the image of the leftmost or the rightmost rod, but never of both simultaneously:
attempts to measure the depth of the components of the double image always failed because of its "fleeting" character' (Krol & van de Grind, 1980, p. 664) . Surprisingly,
this is not what their third and the lone observer (ASM) who was able to see the 'third image with sufficient stability' reports. ASM never saw the left and proximal rod 2, 2' as double which she located near its apparent position 2, 3', and for a few conditions reliably saw the distal rod 3, 3' as double which she positioned it at its true position 3, 3' and its apparent position 3,2' (Fig. 2) . ASM reports seeing three images, but her description regarding which rod appears double and its location in depth conflicts with what I would expect from the demonstrations shown here. Either she was confused by the similar appearance of the rods and ignored all other plentiful and available visual cues to the identity of the different rods to provide an incorrect description, or her results are suggesting some other different phenomenon of stereovision, quite different from the multiple matching according to Panum's scheme. Krol and van de Grind viewed the results of ASM possibly supporting the notion of 'stereoanomalies which suggest the existence of separate systems of binocular neurons for (crossed) bitemporal disparities, (uncrossed) binasal disparities, and hetronymous disparities' (Krol & van de Grind, 1980, p. 668) . I cannot say which of these alternatives is likely, since I am unable to see a stable third image in the double-nail illusion setup. Facilitation between mechanisms tuned to similar disparity value and inhibition between those tuned to different disparity values is usually postulated in stereo models explaining global matching (Frisby & Pollard, 1991) . In each of the demonstrations given in this paper the location of all the vertical edges and end points is constant and therefore according to all the stereo algorithms that I am aware of, the disparities of the possible matches is constant. Nevertheless, the match that the observers see is different and is apparently influenced by the horizontal connectivity of the end points of a very few horizontal lines, and the distance between an unfused line and a nearby binocular feature. The preferred matching can be gradually changed between obviously identifiable and similar features, and appears to be insensitive to a fixation disparity of 5-8 min arc. Since the role of eye vergence of c 8 min arc appears to be minimal in determining matching of nearby features with small relative disparities with respect to each other, the demonstrations given here clearly show that besides interactions within the disparity domain, the image characteristics usually associated with form vision do influence matching. The gradual change depends upon incremental changes in simple visual quantities like the luminance contrast of a local region (Figs 7 and 8) , or the density of connecting horizontal lines (Fig. 4) . This is another example where luminance contrast appears to influence depth perception mechanisms other than merely providing luminance derived features for a binocular matching process (Kumar, 1995; Kumar & Glaser, 1995) . The changing luminance contrast may affect the disparity detection mechanisms, or the form mechanisms associated with binocular rivalry and suppression.
Changes in either or both may be influencing the stereo matching process, and only further experimental investigation can establish the extent of
